Results: High cytoplasmic OPN staining was observed in 100% of gastric carcinomas, 85% of colorectal carcinomas, 82% of transitional cell carcinomas of the renal pelvis, 81% of pancreatic carcinomas, 72% of renal cell carcinomas, 71% of lung and endometrial carcinomas, 70% of esophageal carcinomas, 58% of squamous cell carcinomas of the head and neck, and 59% of ovarian carcinomas. Although OPN expression was identified in a good number of bladder, prostate, and brain tumors, the majority of 6 skin cancers, 11 of 14 salivary gland cancers, 2 thyroid carcinomas, and 23 of 26 breast cancers revealed low OPN positivity or were negative. When considering all sites, OPN expression significantly correlated with tumor stage (Spearman's correlation coefficient, P ‫؍‬ 0.0002). OPN score and stage were also significantly correlated for specific cancer sites including bladder (P ‫؍‬ 0.01), colon (P ‫؍‬ 0.004), kidney (P ‫؍‬ 0.0001), larynx (P ‫؍‬ 0.035), mouth (P ‫؍‬ 0.046), and salivary gland (P ‫؍‬ 0.011).
INTRODUCTION
Osteopontin (OPN) is an integrin-binding protein, believed to be involved in a variety of physiological cellular functions (1) . It has been shown to play an important role in tumorigenesis, tumor invasion, and metastasis in breast, lung, prostate, and colon cancers (2) (3) (4) (5) (6) (7) (8) . The physiological functions of OPN are best documented in the bone where this secreted adhesive glycoprotein seems to be involved in osteoblast differentiation and bone formation, as well as in the anchorage of osteoclasts to bone and consequent bone resorption (9, 10) . OPN gene transcription in bone tissue is regulated by the interaction between transactivating factors and vitamin D3 responsive elements (11) .
OPN was first implicated in malignancy by in vitro studies detecting increased levels of OPN expression after cell transformation (12, 13) and from the observation that tumor cells with high metastatic potential had increased OPN expression (14 -17) . OPN protein also plays a role in immune functions (18) and in vascular remodeling (19) . OPN is secreted into various body fluids including blood, urine, milk, and cochclear fluid (20, 21) . The low baseline concentration of circulating OPN has been found to be elevated in patients with breast, prostate, and other cancers, and in some studies elevated plasma OPN has been shown to be associated with poor patient survival (22) (23) (24) (25) . OPN levels in tumor tissue have also been associated with tumor progression in breast, lung, prostate, and colon cancer (2) (3) (4) (5) 26) .
OPN has been shown to have the following cell adhesion properties: it can bind integrins, in particular ␣ v ␤3 (vitronectin receptor; 27) but also ␣ v ␤1, ␣ v ␤5 (28, 29) and the hyaluronic acid receptor CD44 (30) and/or its variants (31) . It has been shown that the RGD (Arg-Gly-Asp) amino acid sequence of OPN is crucial for the ability of OPN to support cell adhesion and chemotaxis (32, 33) . OPN thus may contribute to tumor invasion and metastasis via integrin-mediated signaling (1, 6, 7, 34).
Tissue distribution of OPN has been examined previously in normal and tumor tissues, by both immunohistochemistry and in situ hybridization (26, 35, 36) . However, a systematic assessment of OPN protein levels in a large series of human tumors and normal tissue has not been undertaken previously. Here, we define the distribution of OPN expression in a group of 350 human cancers from a large variety of anatomical sites and in 113 corresponding normal tissues from the same sites. The detection of OPN was performed under the same experimental conditions allowing the accurate comparison of the stain between tumors of different type and between tumors of the same histological type. (26) , papillary serous cystadenocarcinomas of the ovary (22) , endometrial adenocarcinomas (14) , esophageal squamous cell carcinomas (10), gastric adenocarcinomas (11), pancreatic duct adenocarcinomas (16) , liver (9 total, 8 metastatic adenocarcinomas and 1 hepatocellular carcinoma), bile duct carcinoma (1), colonic adenocarcinomas (20) , transitional cell carcinomas of renal pelvis (17) , renal cell carcinomas (36) , transitional cell carcinomas of the bladder (33), prostatic adenocarcinomas (28), head and neck squamous cell carcinomas [including cancers of lip (9), tongue (22) , mouth (19) , pharynx (5), larynx (3), and thyroid carcinomas (2)], salivary gland carcinomas (14 total; 3 acinic cell carcinomas, 4 mucoepidermoid carcinomas, and 7 pleomorphic adenomas), lung carcinomas (17 total; 7 adenocarcinomas, 8 squamous cell carcinomas, 2 adenosquamous carcinomas), skin tumors (6 total; 4 melanomas, 2 basal cell carcinomas), and brain tumors (10 total; 5 astrocytoma, 3 glioblastomas multiformes, 2 meningiomas). Normal tissues (113) from breast, stomach, colon, pancreas, liver, kidney, prostate, head and neck, salivary gland, thyroid, lung, brain, heart, skeletal muscle, adrenal, lymph nodes, spleen, and testicles were also included. The cancer patients had an average age of 63.2 years (ranging from 18 to 93 years). Two hundred and twenty were male, and 130 were female. The tumors ranged in size between 0.5 and 18 cm. The tumors were staged according to the Tumor-Node-Metastasis system, following the recommendations of the American Joint Committee on Cancer, 1988. The stage of the tumors was as follows: 128 patients had stage I, 81 stage II, 65 stage III, and 37 stage IV disease. In 39 patients, the stage was not known.
MATERIALS AND METHODS
Immunohistochemistry. Anti-OPN murine monoclonal antibody (mAb53, prepared against recombinant glutathione S-transferase human OPN fusion protein, dilution at 1:1000; Refs. 26 and 33) was applied to 3 M sections from formalinfixed, paraffin-embedded tissue specimens, using the avidinbiotin-peroxidase complex method (Vectastatin Elite ABC kit; Vector, Burlingame, CA), following the manufacturer's instructions. In brief, the immunostaining was performed manually at room temperature. Endogenous peroxidase and nonspecific background staining were blocked by incubating slides with 3% aqueous hydrogen peroxide for 10 min. After washing with PBS for 5 min, slides were blocked with normal serum for 20 min, followed by incubation with the anti-OPN primary antibody, at the dilution given, for 60 min. After rinsing with PBS for 5 min, sections were incubated with a biotinylated secondary antibody for 20 min. After washing with PBS for 5 min, slides were incubated with avidin-biotin complex for 30 min and washed again. Chromogen was developed with 10 mg of 3,3Ј-diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO) diluted in 12 ml of Tris buffer (pH 7.6) for 2 min. All samples were lightly counterstained with Mayer's hematoxylin for 30 s before dehydration and mounting. No antigen retrieval was performed. Positive controls and nonimmune protein-negative controls were used for each section. A section of colon cancer proven previously to be OPN positive by Western blot (5) was used as a positive control. Mouse IgG was used as the negative control serum.
Tumor staining was semiquantitatively examined by a pathologist (D. Coppola) using the Allred 8-unit system (37) . For each tumor, represented by one slide, we determined the tumor epithelial cells proportion score and intensity score. Peritumoral inflammatory and stromal cells were not included in the evaluation. The proportion score included the fraction of positively stained tumor cells and was as follows: 0 ϭ none, 1 ϭ Ͻ1/ 100th; 2 ϭ 1/100th to 1/10th; 3 ϭ 1/10th to 1/3; 4 ϭ 1/3 to 2/3; 5 ϭ Ͼ2/3. The estimated average staining intensity of the 
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Research. 1-3) . Interestingly, 15 of 26 (58%) breast carcinomas were negative, and 8 of them had low Allred score (1-3). Only 3 of 26 breast cancers expressed a significant level of OPN (Allred score 4 -6). Another tumor exhibiting minimal expression of OPN was the salivary gland carcinoma; 10 of 14 cases were negative, 1 revealed OPN score of 1-3, and only 3 had intermediate OPN expression (score 4 -6). In the skin, 4 melanomas were OPN negative, and 2 basal cell carcinomas had significant OPN expression (OPN score 6 and 8, respectively). In all tumor types, the stain was preferentially cytoplasmic. Occasional peritumoral inflammatory cells (macrophages) exhibited positive OPN stain. Of the normal tissues 69% showed negative or minimal OPN stain (Allred score 1-3), and only 7 of 113 (6%) samples had an OPN Allred score of 7-8 (high). Among the normal tissues expressing high OPN are liver (2), lymph nodes (2), testis (1), and spleen (2). When present, OPN positivity in the normal tissues was localized to the epithelia, without preferential luminal localization. The stroma surrounding the epithelia was OPN negative, but OPN positivity was identified within the surrounding inflammatory cells (macrophages) when present (Fig. A1, E, and K1) . The results of the immunohistochemical analyses for both tumor and normal tissues are reported in Table 1 and Fig. 1 .
RESULTS

Significant
To study the possible correlation of OPN expression and tumor progression, the OPN score was compared with tumor stage. OPN expression was found to be positively correlated with tumor stage using a Spearman's correlation coefficient. This correlation was still significant when male (r s ϭ 0.218, P ϭ 0.0021) and female (r s ϭ 0.214, P ϭ 0.0224) were considered independently, and when individuals Յ65 years of age (r s ϭ 0.218, P ϭ 0.039) and Ͼ65 years of age (r s ϭ 0.214, P ϭ 0.001) were considered independently. When considering all sites, this correlation was highly significant (r s ϭ 0.213, P ϭ 0.0002). Moreover, significant statistical correlation between OPN score and stage was also observed for specific site cancer groupings including bladder (r s ϭ 0.432, P ϭ 0.01), colon (r s ϭ 0.619, P ϭ 0.004), kidney (r s ϭ 0.641, P ϭ 0.0001), larynx (r s ϭ 0.586, P ϭ 0.035), mouth (r s ϭ Ϫ0.462, P ϭ 0.046), and salivary gland (r s ϭ 0.654, P ϭ 0.011). For ovarian cancers, the correlation approached significance (r s ϭ 0.412, P ϭ 0.057). A valid test could not be applied to some of the site groupings (tumors of the bile duct, brain, esophagus, lip, liver, prostate, skin, and thyroid), either because of the few cases per group or because all of the tumors had the same stage value (Tables 1 and  2 ). No correlation was found between OPN expression and tumor grade.
DISCUSSION
In the last decade, several studies have defined an important role of OPN in carcinogenesis and metastasis. OPN is a calcium-binding phosphoprotein with multiple functions. Under physiological conditions, OPN is produced by osteoblasts, when stimulated by calcitriol, and it functions by binding to hydroxyapatite to provide the anchoring of osteoclast to the mineral of bone matrix (9 -11) . OPN binds to cells via the vitronectin receptor (␣ v ␤3 integrin; Ref. 27) but also via other integrins and the hyaluronic acid receptor CD44 (27) (28) (29) (30) (31) . OPN is also upregulated in several pathological contexts, including immune reactivity, vascular remodeling, and cancer (1, 6 -8, 10, 19) .
In this study, we assessed the distribution of OPN protein by immunohistochemistry in a large variety of human tumor types from different anatomical sites. We used tissue array technology, which allows studies of this magnitude to be performed at a reasonable cost and has the advantage of minimizing experimental variations. For these reasons, we were able to compare OPN expression among many tumors of different type or derivation.
Our findings demonstrate that OPN is expressed in a large percentage of the tumor types studied. Significant cytoplasmic OPN staining was observed in all of the gastric tumors but also in a large percentage of colon, pancreatic, renal, lung, endometrial, esophageal, and head and neck carcinomas. Conversely, high OPN staining was identified in only a few cases of the corresponding normal tissues (7 of 113). We also found OPN expression to be low or negative in the majority of breast, skin, and salivary gland tumors. This finding is consistent with previous studies that focused on OPN levels in breast tumor tissue (6, 26, 36) , which found that OPN levels were low in breast tumors. Tuck et al. (26) , using the same OPN antibody as used in the current study, reported that only 26% of 154 lymph node-negative breast tumors had any OPN staining in the tumor cells themselves, whereas the majority of tumors showed some staining in infiltrating macrophages and/or lymphocytes, and only 7% of the tumors showed OPN staining in the tumor cells with an Allred score of Ͼ4. Interestingly, however, in that study, using this as a cutoff score, elevated OPN was found to correlate with shorter disease-free and overall survival, suggesting that the presence of OPN even in a minority of tumor cells can be associated with poor patient survival. In agreement with previous reports and using a similar cutoff score (see Table 1 ), we also observed OPN staining in a minority of breast tumor cells as well as in the peritumoral chronic inflammatory infiltrate (26, 36) , suggesting that both cell types may contribute to the OPN tissue production levels. Early reports have described positive OPN protein-staining cancer cells lacking OPN mRNA (38) , suggesting that the OPN is produced by peritumoral inflammatory cells and is subsequently phagocytized by tumor cells. Others, however, have recently demonstrated the production of OPN mRNA in ovarian cancer cells and have proposed OPN as a diagnostic marker for ovarian cancer (25) . Therefore, additional molecular studies are required to definitively demonstrate the cell/cells responsible for OPN protein synthesis. In this study, we show that whatever the origin of OPN synthesis (tumor cells, peritumoral inflammatory cells, or both), the increased OPN expression positively correlates with tumor stage when considering nearly all sites (bladder, colon, kidney, larynx, and salivary glands). We also confirm the previously reported significant correlation of OPN with colon cancer stage (P ϭ 0.004; Ref. 5; Fig. 2) . It was not possible to estimate the exact correlation between OPN score and the tumor stage of a subset of specific site groupings (bile duct, brain, esophagus, lip, liver, prostate, skin, and thyroid), because all samples from This correlation between OPN and tumor stage most likely reflects the effect of OPN on cell migration. Previous studies have shown that OPN can support in vitro attachment for a variety of cell types (27) (28) (29) (31) (32) (33) and promote migration of inflammatory and tumor cells (6, 7, 34, 38, 39) . The highly conserved amino acid motif (RGD) can contribute to the cell adhesive and chemotactic functions of OPN (6, 7, 32, 33) . OPN may also bind CD44 and/or CD44 variants (30, 31) . By binding to various cell surface receptors, OPN can induce changes in tumor cell gene expression, including induction of proteolytic enzymes and activation of growth factor kinases, which in turn may lead to increased cell motility and invasion (6, 7, 31, 32, 34) . Furthermore, several lines of experiments have implicated OPN in angiogenesis, and vascular endothelial growth factor may induce expression of OPN as well as ␣ v ␤3 integrin in endothelial cells. The binding of OPN to ␣ v ␤3 integrin may also stimulate the migration of vascular smooth muscle cells (19, 27) . The importance of OPN in tumorigenicity is supported by in vitro experiments showing that expression of antisense OPN RNA is able to reduce the tumorigenic capability of ras-transformed NIH 3T3 cells (25, 40) . Furthermore, in vivo studies have demonstrated that OPN is preferentially expressed by tumor cells with invasive and metastatic properties, suggesting that it may be a marker of high-stage cancers (2) (3) (4) (5) (6) (7) (8) 25 ).
Recent reports have described estrogen-(41) and progesterone-(42) inhibitory regulation of OPN expression. In agreement with these reports, we found that male and female samples, when analyzed separately, still showed a significant correlation between OPN expression and stage, but the degree of significance was higher in males than females (P ϭ 0.00212 versus P ϭ 0.0224, respectively).
In conclusion, we detected OPN protein in a wide variety of common human tumors. OPN levels were maximal in tumors of gastrointestinal, genitourinary, and gynecological origin and minimal to negative in tumors of skin, brain, and salivary gland. The nearly ubiquitous expression of this protein may reflect its important role in physiological (i.e., bone metabolism and angiogenesis) as well as pathological (i.e., transformation, invasion, and metastasis) processes. Finally, we show, for the first time, a strong correlation between levels of OPN protein and tumor progression in multiple tumor types from different anatomical sites. This conclusion is consistent with our recent report of OPN as the lead candidate for a marker of colon cancer progression, using expression array profiling of multiple colon tumors of a range of stages (5) . Together these findings support the idea that OPN may play a functional role in progression of colon and other tumors. Additional studies to test the validity of OPN as a marker of tumor stage for a variety of tumor types, as well as studies to further clarify the functional role of OPN in tumor cell behavior, are warranted.
